[1] A new method using the magnetic properties of magnetite, Fe 3 O 4 , was developed to monitor experimental serpentinization. The saturation remanent magnetization signal (Jrs) was measured during the course of experiments designed to react San Carlos olivine, (Mg 0.91 , Fe 0.09 ) 2 SiO 4 , with water at 250 to 350°C and 500 bars. At the end of the experiments, the ratio with saturation magnetization (Jrs/Js ratio) allowed to convert each successive Jrs measurement into an in situ amount of magnetite produced by the serpentinization reaction. Water weight loss was also measured on the end product to determine the final degree of serpentinization. The application of this procedure to a series of experiments performed at 300°C/500 bars for various run duration (9 to 514 days) and starting olivine grain size (1 to 150 mm) shows a linear relationship between magnetite production and reaction progress. This relationship can be safely transposed to other experimental conditions using thermochemical modeling and/or the Fe content of the product phases. We show that this high-sensitivity magnetic method is a powerful tool to precisely monitor serpentinization kinetics in Fe-bearing systems. It represents, in addition, a new indirect mean for monitoring the production of hydrogen which is bound to magnetite production rate.
Introduction
[2] The formation of serpentine group minerals by hydration of ultramafic rocks occurs, extensively, in two main geological settings: (1) at slow spreading ridge where mantle-derived rocks are exposed tectonically on the seafloor to seawater alteration [Cannat et al., 1992; Cannat, 1993] and (2) at the mantle wedge in subduction zones [Hyndman and Peacock, 2003] by reaction with aqueous fluids released by the downgoing slab. This exothermic transformation of olivine and pyroxene into magnetite and mechanically weak serpentine-group minerals induces major changes in the thermal structure, the magnetic properties and the rheology of both oceanic lithosphere and mantle [Christensen, 1966; Fyfe, 1974; Toft et al., 1990; Krammer, 1990; Escartín et al., 1997 Escartín et al., , 2001 Oufi et al., 2002; Brocher et al., 2003; Emmanuel and Berkowitz, 2006; Delescluse and Chamot-Rooke, 2008] . This reaction is a RedOx reaction involving oxidation of a part of the ferrous iron contained in the primary minerals coupled to the production of hydrogen by water reduction [Neal and Stanger, 1983; Abrajano et al., 1990; Charlou et al., 2002] . Iron is incorporated both as ferrous and ferric iron in hydrous phases and magnetite [Moody, 1976; Evans, 2008; Marcaillou et al., 2011] . However, in natural systems, the distribution of trivalent iron between reaction products is complex and varies nonlinearly with the reaction progress. In particular, a peak of magnetite production is observed when the reaction reaches 60% completion [Toft et al., 1990; Oufi et al., 2002; Bach et al., 2006] . Experiments and modeling by Seyfried et al. [2007] and Klein et al. [2009] suggest, in addition, that magnetite is only produced at temperatures above approximately 200°C and for a water to rock ratio below 50, trivalent iron being stored in serpentine otherwise. When magnetite is produced changes in magnetic properties of the rock are observed. While unreacted peridotites do not carry a significant magnetic signal, highly serpentinized peridotites carry a remanent magnetization because of their significant magnetite content [e.g., Toft et al., 1990; Oufi et al., 2002] .
[3] Several authors have experimentally investigated the olivine + H 2 O or peridotite + H 2 O systems [Martin and Fyfe, 1970; Moody, 1976; Berndt et al., 1996; Seyfried et al., 2007; Marcaillou et al., 2011] , but while magnetite production during serpentinization in natural systems has being extensively studied [Bina and Henry, 1990; Toft et al., 1990; Nazarova, 1994; Oufi et al., 2002; Liu et al., 2010] , production during experiments has not attracted much attention. Monitoring magnetite formation during 1 serpentinization experiments can provide new constraints on the serpentinization process and, in particular, on its kinetics. We have developed a high-sensitivity magnetic method to precisely monitor (1) the formation of magnetite and, indirectly, (2) the serpentinization rate of olivine. This method is based on the quantification of the amount of magnetite produced during the reaction between iron-bearing olivine and aqueous fluid under geologically relevant pressures and temperatures according to the following reaction:
[4] Methods to use the magnetic signal to monitor RedOx reactions have already been successfully applied to hydrothermal mineral systems [Cairanne et al., 2003] . The saturation magnetization [Moody, 1976] and the susceptibility [Seyfried et al., 2007] were also used to estimate the final amount of magnetite produced in serpentinization experiments. Here, the magnetic approach is extended to monitor reaction progress in the experimental charge, by combining (1) saturation remanent magnetization (Jrs) data on encapsulated samples, (2) the determination of the amount of water consumed by the reaction (weight loss on residual water evaporation) and (3) thermochemical modeling of the iron distribution among the serpentinization reaction products, namely, serpentine, brucite and magnetite.
Experimental and Analytical Methods
[5] Calibrated San Carlos olivine powders (Fo 91 ) with sizes ranging from 1 to 150 mm (dry sieving and/or Stokes' separation) were loaded in 2 to 3 cm length gold capsules (4.8 mm outer diameter and 4.4 mm inner diameter) together with deionized water (resistivity of 18 W.cm) or with an aqueous solution containing 33 g/L of NaCl, in a fluid/ olivine mass ratio of approximately 2:5. The capsules, once filled, were welded shut and placed in a horizontal cold seal pressure vessel. The temperature of the experiments was between 250°C and 350°C and was measured with an external Ni-NiCr thermocouple and regulated to within 1°C (see the work of Brunet and Chopin [1995] for experimental details). A pressure of 500 bars was achieved in all experiments by pumping argon into the vessel. Overall, seventeen experiments were carried out (see Table 1 for parameters and results for each experiment).
[6] The serpentinization of Fe-bearing olivine is accompanied by the formation of magnetite, Fe 3 O 4 [see, e.g., Moody, 1976, relation (1) ; Evans, 2008] which is ferrimagnetic and therefore can be monitored magnetically. Prior to each magnetic measurement, the sample capsule was quenched by cooling the vessel with a compressed air stream. Quenchmeasurement-loading cycles were repeated from every 2 days to every month depending on the kinetics of the reaction. Magnetic measurements were performed on the sample without opening the capsule (i.e., no fluid release). We collected isothermal remanent magnetization (IRM) curves by applying a magnetic field of 25, 50, 100, 150, 300, 500 and 1000 mT to the encapsulated sample and by measuring its remanent magnetization (Jrs) after each application (Figure 1) . Two crosschecked cryogenic magnetometers (2G) were used at IPG (Paris) and ENS (Paris), respectively. In order to evaluate the noise signal, IRM was first measured on an empty gold capsule and on a gold capsule containing the starting olivine powder. The IRM was found to respectively reach 7.10 À4 and S, reaction progress determined from water weight loss; MFM, total mass of produced magnetite; Js, saturation magnetization; Jrs, saturation remanent magnetization; Hcr, remanent coercivity; Hc, intrinsic coercivity; K, susceptibility; D, mean diameter; WMD, D weighted by the surface mean diameter of magnetite; E, mean elongation ratio; WE, E weighted by the surface mean elongation ratio; Mg (Brc) and Mg (Srp), Mg/(Mg + Fe) ratio in brucite and in serpentine, respectively (errors were determined by taking the highest and the lowest values of a set of 5 to 17 measurements depending on the run); N.D., not determined; N.A., not analyzed.
b Estimation from backscattered electron images for experiments for which water incorporation is too low to be accurately determined with weight loss measurement.
c Reaction progress determined with infrared spectroscopy.
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% of the maximum Jrs measured in all the experiments. At the end of the serpentinization runs, which lasted from 9 days up to 514 days, a final magnetic measurement was performed before each capsule was opened and maintained at 110°C until all the remaining water was evaporated. The difference between the initial amount of water introduced in the capsule and the amount of residual water (given by the weight loss measurement) was assumed to correspond to the incorporation of water into the hydrous phase products (serpentine and brucite). The relationship between the proportion of hydrous phases (serpentine and brucite) and the serpentinization reaction progress depends, in particular, on the amount of iron incorporated into these products. The equilibrium iron distribution between serpentine, brucite and magnetite was calculated using the thermodynamic database of Klein et al. [2009] and the procedure described in Appendix A. Finally, the reacted powder was recovered and, the magnetic susceptibility and the hysteresis parameters were determined for each sample with a KLY-3 and a translation magnetometer at ENS (Paris) and IPGP (Saint Maur), respectively. Samples were further characterized using a field emission scanning electron microscope (FE-SEM, Zeiss Sigma TM ) equipped with a 50 mm 2 EDS detector (X-Max TM from Oxford Instrument), powder X-ray diffraction (Rigaku ultraX18HFCE in BraggBrentano geometry) and IR spectroscopy (Bruker Hyperion 3000 with a MCT detector at 4 cm À1 ) in transmission mode. For a quantification of hydrous phase proportions, infrared spectra were normalized to the area of their Si-O peak and the area of their O-H peak was compared to one of the most reacted samples (reaction progress of 80% as estimated using water weight loss) to estimate a reaction progress relative to this reference sample. Part of the run product was embedded in epoxy, cut and polished for further FE-SEM characterization. In particular, the morphology of the magnetite grains was quantified by processing backscattered electron (BSE) images using the Matlab software. Images were binarized using the high brightness of magnetite in BSE mode with pixel sizes ranging from 0.15 Â 0.15 mm 2 to 0.
The morphology of magnetite grains was defined by an elongation parameter, b/a, which was obtained by fitting the grain to an ellipse (a: long semiaxis and b: short semiaxis). The size and the surface area of the grain sections were measured to obtain a mean diameter and a weighted mean diameter (WMD) for each experiment. The WMD represents the average apparent diameter weighted by the contribution of each grain to the total magnetite volume (i.e., to the magnetic signal):
where d j and s j are, respectively, the diameter and the surface of the given grain section (Table 1 ).
X j s j and s j X j s j represent the whole magnetite volume and the contribution of each grain to this volume, respectively. The same formalism was used to calculate a weighted mean elongation (WE).
Results
Evolution of the Magnetic Signal
[7] IRM is found to increase for all samples when the reaction proceeds (Figure 1 ). This is an indication that a magnetic mineral is created in the course of the hydrothermal experiments. In addition, this magnetic mineral is of low coercivity since the samples are saturated by 300 mT (Figure 1 ). There is no evolution of the shape of the IRM curve with the duration of the serpentinization experiments, only an increase in the intensity of the measured Jrs is observed.
Nature and Morphology of the Iron Oxide
[8] Powder X-ray diffraction and FE-SEM inspection allowed the identification of serpentine, brucite and iron oxide which all coexist with residual olivine, in the run products. The serpentine polymorph present was identified with micro-Raman spectroscopy as being predominantly lizardite. An ambiguity remained however on the exact nature of the iron oxide(s), magnetite and/or maghemite, the presence of both of which being compatible with the low coercivity observed on the IRM curve (Figure 1) . In order to lift this ambiguity, we measured the thermomagnetic curve (collected in a nitrogen atmosphere, Figure 2 ) for a highly reacted sample (Run 2; S = 80%; Table 1 ). This curve is mostly reversible and provides a Curie temperature of 592°C (obtained using the differential method proposed by Tauxe [1998] ). These two features are typical for pure magnetite and allow unambiguous identification of the iron oxide as magnetite. The cooling curve shows the subtle contribution, starting at approximately 450°C, of a secondary phase which was produced upon heating; a likely explanation is that this phase could be a Mg-substituted magnetite formed from brucite and/or serpentine thermal decomposition.
[9] Electron microscope observations show that isolated magnetite grains (around 1 mm across) are found in all experiments. In addition, experiments with the smallest starting olivine grains (1-5 mm and 0-38 mm) produced homogeneous subhedral magnetite with sizes in the order of 5 mm (Figures 3a  and 3b ) whereas larger olivine grain sizes (more than 5 mm) produced magnetite aggregates or sieve-textured grains, some of them up to 20 mm across (Figures 3c and 3d) .
[10] For each experiment, BSE image analysis on polished sections indicates a mean apparent magnetite diameter (D) of 0.8 AE 0.5 mm for grains (or aggregates) with size above 300 nm, i.e., close to the SEM resolution (D, Table 1 ). The WMD was retrieved (see experimental and analytical methods). WMD ranges from 1.65 mm (Run 8) to 9.5 mm (Run 2) falling within the range of pseudo-single-domain (PSD) to multidomain (MD) magnetite grain sizes [Day et al., 1977; Dunlop, 1981] . With mean elongations ranging from 0.62 to 0.73, magnetite grains do not show a strong shape anisotropy (Table 1) able to influence the magnetic signal [Özdemir and Dunlop, 1992] . When it is weighted to the volume contribution of each grain, elongation is systematically higher (0.67 to 0.77); large grains are thus less elongated than small grains as shown by SEM observation. Apart from the difference in texture, there is no clear relationship between morphological parameters of magnetite, including crystal size, and any experimental parameters (reaction progress, duration, initial olivine grain size, etc.).
Hysteresis Parameters and Texture Observation of the Produced Magnetite
[11] Hysteresis parameters were acquired to determine the amount of magnetite in each sample using the saturation (Figures 3a and 3b ) and aggregates of grains or porous-like grains (Figures 3c and 3d) . The bright spot on Figure 3d is an Fe-Ni alloy only observed in this experiment (reaction product or contamination?). magnetization and to characterize the domain structure of the produced magnetite. Calibration between Js and amount of magnetite was investigated by measuring Js of powder mixtures containing olivine (synthetic forsterite) with 1, 3, 6 and 10 wt.% of synthetic magnetite (M-10T from Rana Gruber (Norway)). A correlation factor of 0.999 and a proportionality factor of 92 A.m 2 /kg were obtained between Js and the nominal weight of magnetite in excellent agreement with previous studies [O 'Reilly, 1984] .
[12] Typical hysteresis diagrams acquired on end products are shown on Figure 4 . Jrs/Js ratio (0.059-0.095) and Hcr/Hc ratio (2.0-5.5) are both indicative of magnetite grains with a domain structure lying at the boundary between PSD and MD [Stoner and Wohlfarth, 1948; Rahman et al., 1973; Day et al., 1977; Dunlop, 1981; Dunlop, 2002] . These results are in agreement with the SEM observations. The dependence of Jrs/Js and Hc on mean magnetite grain size (calculated using the WMD), of Js on susceptibility and of susceptibility on Hcr/Hc ( Figure 5) shows that magnetite in our samples is, in general, closer to crushed grains (CG), i.e., with induced "crystal defects" [Day et al., 1977] , rather than to precipitated grains (PG) [Heider et al., 1987 [Heider et al., , 1996 . The presence of [Heider et al., 1987 [Heider et al., , 1996 ) and of crushed magnetite (triangles in Figures 5a , 5b, and 5d and hatched region in Figure 5c [Day et al., 1977] ). The plain draw line corresponds to a fit to our experiments whereas the dashed line is the same fit obtained for abyssal peridotites [Oufi et al., 2002] . (d) K of magnetite as a function of the Hcr/Hc ratio. K of magnetite is calculated by removing the bulk effect due to the mixing with serpentine and brucite which are considered to have little effect on the susceptibility as suggested by measurements on natural chrysotile, antigorite and lizardite (Table 1) . crystal defects in magnetites produced in our experiments may be linked to the sieve texture of most of the grains observed by SEM (Figure 3) .
[13] A deeper look at the results reveals that two runs with the smallest initial grain size (Run 6 (0-38 mm) and Run 24 (1-5 mm)) present slightly distinct magnetic parameters. As observed for natural peridotites [Oufi et al., 2002] , the magnetic data are characterized by a constant K/Js ratio ( Figure 5c ). However, Run 6 and Run 24 have a distinct K/Js ratio which is higher than that of the other experiments. In addition, the plot of susceptibility (K) as a function of Hcr/Hc (Figure 5d ) shows again a distinct behavior for Run 6 and Run 24 which display the highest K and high Hcr/Hc ratios. Since the susceptibility measured on CG (as low as 1.5 S.I. [Day et al., 1977] ) is lower than that measured on PG (3.1 AE 0.4 S.I. [Heider et al., 1996] , Figure 5d ), magnetites in Run 6 and Run 24 are the closest to PG. BSE images (Figure 3 ) of these two later samples showed that magnetite grains are mostly subhedral with little to no sieve texture, in contrast with magnetite grains produced in the other experiments. Hu et al. [2010] have shown that the habitus of precipitated magnetite depends on supersaturation level; at high degree of supersaturation, octahedral morphology is obtained whereas, at low degree of supersaturation, sheet-like crystals are formed. This may indicate that a relatively high level of magnetite supersaturation was achieved for the smaller initial olivine grain size (<5 mm) because of faster dissolution.
Discussion
From the Remanent Saturation Magnetization to the Amount of Magnetite
[14] Hysteresis parameters could not be measured on the encapsulated quenched samples for technical reasons (improper size of the gold capsule and lack of cohesion of the olivine grains in the capsule). They were thus only measured, for each experiment, after the sample powder was extracted from the capsule. Instead, we measured Jrs, the remanent saturation magnetization, which is also related to the magnetite content (Figure 6a ). However, Jrs is also sensitive to the magnetite size distribution. In particular, the smallest grains in the superparamagnetic state, with sizes on the order of 10 nm or less, have a low relaxation time, typically less than a few tens of seconds [Néel, 1953] and thus cannot be detected by this approach. Consequently, Jrs/Js ratio derived from hysteresis loops, collected at the end of each experiment, were used in order to convert Jrs into Js. Jrs/Js ratios were found to be very homogenous: more than half of the samples have Jrs/Js values comprised between 0.07 and 0.08, the whole range being comprised between 0.059 (Run 11) and 0.095 (Run 22). In addition, the Js/Jrs ratio is found to be independent of the duration of the experiments and thus, independent of reaction progress. The Js/Jrs ratio determined at the end of each experiment can thus be used to safely convert each time-resolved Jrs measurement into a Js value in order to derive time-resolved magnetite contents. However, the accuracy of the magnetite content estimate depends on resolution limits of the magnetic signal. Since the sensitivity of the cryogenic magnetometer is of 10 À11 A.m 2 , the magnetite detection threshold will be limited by the noise level of the experiment, i.e., in the present case, the magnetic signal of the unreacted gold capsule loaded with olivine (5.10 À8 A.m 2 ). Converting this signal into a molar percentage yields a very low detection limit of 30 ppm of magnetite allowing accurate estimate even for low reaction progress. As an illustration, Figure 6b shows how the amount of magnetite produced, at 300°C/500 bars, when plotted as a function of time, displays a well define sigmoid curve.
From Amount of Magnetite to Reaction Progress
[15] The link between amount of magnetite and progress of the olivine serpentinization reaction was investigated through a batch of ten experiments (referred to as Batch300 in the following) run under identical conditions (300°C/500 bars, deionized water) but with different initial grain sizes and quenched at different time. Reaction progress was estimated from the amount of water incorporated in reacting phases quantified in two ways, using water weight loss upon evaporation, and through the amount of produced hydrous phases (brucite and lizardite) as determined using infrared spectroscopy. Both measurements were found to be in good agreement with a correlation factor of 0.98. Infrared spectroscopy is very sensitive to the presence of serpentine with an O-H peak observed for experiments having reacted to less than 1%. Because of weighing uncertainty, the accuracy on reaction progress inferred from water weight loss is estimated to approximately AE2%. Repeated measurements performed on the same powder showed that the precision of the spectroscopic data varies from approximately AE5% to approximately AE10% for reaction progresses of 25% and 70%, respectively. Consequently, the weight loss technique was preferred regarding the range of reaction extent investigated here, even though the relationship between water weight loss and reaction progress is not as straightforward as with IR spectroscopy (see below).
[16] In Figure 7 , the amount of magnetite calculated from Js for each experiment is compared with the amount of water incorporated in the hydrous phases as derived from weight loss data. This comparison mostly shows a linear trend with the exception of one outlier point (Run 22). As already emphasized, the relationship between weight loss and reaction progress depends on the partitioning of iron between the reaction products. Indeed, ignoring the possible presence of Fe 3+ in serpentine [Evans, 2008] , the serpentinization of Febearing olivine can be written as follows:
with B = (1 À 4x + 3y) / (1 À z); C = (4x À 3y À Bz)/3 ; A = 1 + 2B + 4C and D = A À 2 À B.
It can be seen from equation (2) that the water consumed by the reaction (and the hydrogen production rate), according to the A coefficient, is a function of the initial iron content in olivine as well as of the iron content in both brucite and serpentine.
[17] The end-member case (Model 1) where all the iron would be hosted by magnetite (i.e., y = z = 0 in equation (2)) is also plotted in Figure 7 . It can be seen that the magnetitereaction progress relationship determined experimentally significantly departs from this end-member case (Model 1) because or the presence of iron in brucite and/or lizardite. This observation prompted to a more sophisticated approach of the partition of iron between the products through thermochemical modeling (Model 2, Figure 7) .
[18] The modal and chemical compositions of the run products were computed following the approach and the selected data detailed in Appendix A, at 300°C/500 bars. Possible incorporation of trivalent iron in serpentine was considered in this calculation. Reaction progress was simulated by stepwise changes of the reactant/water mass ratio from 0 (0% reaction) to 0.367 (100% reaction). At each step, the system becomes more reduced (i.e., higher H 2 activity) because of an increasing amount of produced magnetite, see relation (2). Therefore, the distribution of iron between brucite, serpentine and magnetite changes as a function of reaction progress ( Figure 7 , Model 2). As shown on Figure 7 , Model 2 does not reproduce the linear relationship between magnetite production and reaction extent inferred from weight loss data. It appears that the best fit to the experimental data is obtained for a constant H 2 concentration set to approximately 0.13 mol/L (Figure 7, Model 3) . The concentration in hydrogen of Model 3 was then used to derive the coefficient which relates serpentinization reaction progress and water incorporation in lizardite and brucite (or total water weight loss) for experiments run at temperatures different from 300°C (Figure 7) . Overall, at the end of each experiment, the coefficient which relates reaction progress and magnetite content is established by (1) measuring the water weight loss, (2) by knowing the total amount of produced magnetite (Js) and (3) by retrieving the factor between water weight loss and reaction progress using Model 3. If reaction progress is retrieved with either Model 1 or Model 2 (the two end-member cases, Figure 8a) , maximum differences by only 6% in the reaction progress estimate at the end of the experiment are reached (at 100% of reaction).
[19] In addition, the iron content of brucite and serpentine has been measured using EDS (Table 1) . Mg/(Mg + Fe) ratios of 0.93 AE 0.02 and 0.98 AE 0.02 for brucite and serpentine, respectively, were obtained; this is fully consistent with the values calculated with Model 3, i.e., 0.94 and 0.97, respectively, giving confidence in our thermochemical model.
[20] Finally, in order to further investigate the link between magnetic parameters and the serpentinization reaction progress (S), Jrs, Js and K values obtained for Batch300 are plotted as a function of S (Figures 8b and 8c ). K and both Js and Jrs appear to be proportional to the reaction progress over the whole range of reaction extent. This (1) graphically confirms that the ratio between Js and Jrs is roughly constant irrespective of the reaction progress and (2) shows that the magnetite production (proportional to Js) varies also linearly with the reaction progress. Compilation of magnetic data derived from abyssal peridotites and ophiolitic massifs samples [Toft et al., 1990; Oufi et al., 2002] shows that in natural samples the amount of magnetite is generally not linearly related to serpentinization rate but increases exponentially with serpentinization degree (Figure 8c) . Toft et al. [1990] interpret this as related to a reaction sequence with iron being first sequestrated in Fe-rich serpentine and brucite, two minerals which would then break down at higher serpentinization degree to form magnetite. Bach et al. [2006] proposed that the breakdown of ferroan brucite is due to an increase in SiO 2,aq activity. We have shown here that magnetite production rate varies with temperature and H 2 activity during serpentinization. The variations of these conditions might also be a source of the exponential relationship observed in nature.
Extension to Various Pressures and Temperatures and H 2 Behavior
[21] Reaction progress can be inferred from magnetite production at conditions different from 300°C and 500 bars only if (1) the relationship between magnetite content and reaction progress at the end of the reaction (written M/S in the following) is determined and if (2) the proportionality between reaction progress and magnetite production observed at 300°C/500 bars is still valid. Ratio M/S of 0.030, 0.065, 0.070, 0.13 mg per reaction percent for approximately 160 mg of initial olivine were obtained for run temperatures of 250, 270, 300 and 350°C, respectively (Table 1) . M/S is found to increase with temperature because, as predicted by Model 3 and as already pointed out in previous studies [Seyfried et al., 2007; Klein et al., 2009; Marcaillou et al., 2011] , iron incorporation into magnetite is favored when temperature increases. The application of the method to various pressures and temperatures also requires that iron partitioning remains reaction-progress independent in that P-T range as observed at 300°C and 500 bars. This condition is met if RedOx conditions do not significantly change with reaction progress (see the assumption of constant H 2 activity in Model 3). The constant H 2 activity inference is somehow striking since it does not fit to the scheme of progressive water reduction as a response to magnetite production (Model 2). Possible H 2 leakage that would rapidly maintain the oxygen fugacity to a constant value is ruled out by the very low hydrogen permeability of gold below 350°C [Chou, 1986] . A more likely explanation would be that H 2 saturation in water is rapidly reached to form a H 2 gas phase which would then ensure a near constant H 2 activity in the aqueous solution. It is hardly possible to model equilibria involving gaseous phases because of the lack of H 2 solubility data at high pressure and high temperature as well as our poor knowledge of the nature of the possible gas phases inherited from the sample preparation stage. To give an indication, considering the end-member case where no H 2 gas is produced at all (i.e., highest possible H 2 activity in the water; Model 2), instead of Model 3 (i.e., constant H 2 concentration set to 0.13 mol/L) to infer the reaction progresses (S), will give differences by 10% at most for S (Figure 8a ). More importantly, the shape of the reaction progress -time curve and therefore the interpretation of the kinetics data, which are discussed in the companion paper (B. Malvoisin, Serpentinization of oceanic peridotites: 2. Kinetics and processes of San Carlos olivine hydrothermal alteration, submitted to Journal of Geophysical Research, 2012), would not be significantly affected.
Concluding Remarks
[22] The use of magnetic measurements to monitor the hydrothermal alteration of Fe-bearing olivine is an attractive method for the following reasons: 1. The extent of reaction can be determined without opening the capsule. 2. Magnetic measurement is very sensitive to reaction progress (S) compared to other characterization techniques such as XRPD or spectroscopy. Combining reasons 1 and 2, magnetic measurement is particularly appropriate to investigate in situ serpentinization kinetics on relatively small samples through time-resolved measurements (companion paper, B. Malvoisin, submitted manuscript, 2012). 3. Ferric iron concomitantly produced with dihydrogen is either incorporated into serpentine or in magnetite during serpentinization [Evans, 2008] . However, at temperature above 200°C, numerical and experimental studies [Seyfried et al., 2007; Klein et al., 2009; Marcaillou et al., 2011] show that ferric iron is predominantly incorporated into magnetite. Consequently, magnetite production can potentially be used as a proxy for H 2 production. On the basis of thermochemical computation at 300°C/500 bars, it is estimated that 91% of the total H 2 produced by San Carlos olivine hydration is related to magnetite production. On the basis of this calculation and from the final mass of magnetite derived from the magnetic measurements, 0.044 mol of H 2 per mole of olivine has been produced at 300°C/500 bars in our experiments.
